Many models of morphogenesis are forced to assume specific mechanical properties of cells, because the actual mechanical properties of living tissues are largely unknown. Here, we measure the rheology of epithelial cells in the cellularizing Drosophila embryo by injecting magnetic particles and studying their response to external actuation. We establish that, on timescales relevant to epithelial morphogenesis, the cytoplasm is predominantly viscous, whereas the cellular cortex is elastic. The timescale of elastic stress relaxation has a lower bound of 4 min, which is comparable to the time required for internalization of the ventral furrow during gastrulation. The cytoplasm was measured to be ∼10 3 -fold as viscous as water. We show that elasticity depends on the actin cytoskeleton and conclude by discussing how these results relate to existing mechanical models of morphogenesis.
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cell rheology | embryology | gastrulation E pithelial morphogenesis is a process whereby epithelial monolayers give rise to spatially complex organs or tissues (1, 2) . Describing the epithelial deformation that occurs during morphogenesis requires two pieces of information: knowledge of (i) the active forces driving deformation and (ii) the passive material properties of the material being deformed. Accordingly, calculating the deformation of a living tissue is analogous to making a similar determination for a beam under load, where, for example, one needs to know the magnitude of the load and the stiffness of the beam. However, unlike the aforementioned steel beam, knowledge of the material properties within the Drosophila embryo interior is virtually nonexistent. In this paper, we use particular techniques to make measurements of the mechanical properties of Drosophila embryonic tissues.
A number of recent studies have examined the rheological properties of cells, mainly using tissue culture cell lines as models, e.g., refs. 3-7. In many of these studies, mechanical properties were assessed by subjecting cells to small forces that vary on timescales much shorter than those of typical morphogenetic events. Although these studies elucidate the microstructure of cellular constituents, their findings may not apply directly to the physical features of epithelia or to the dynamics that accompany morphogenesis.
An attractive and widely studied model of epithelial morphogenesis is the early Drosophila embryo (8, 9) . The first morphogenetic process to occur is cellularization. Before cellularization, nuclei divide without cytokinesis, resulting in a syncytium with thousands of nuclei lying near the surface of the embryo. During cellularization, lateral membranes extend inward from the embryonic surface to partition a 40-μm deep cytoplasmic layer into separate, mononucleate cells, each cell having a diameter of roughly 7 μm and a length of 40 μm along the apico-basal axis. This process creates the cellular blastoderm, which is composed of a central yolk mass surrounded by polarized epithelial cells, whose apical domains face outward (schematic in Fig. 1A ). Immediately after cellularization, the process of gastrulation begins. Cells specified to become mesoderm and located in a rectangular primordium on the ventral side of the embryo accumulate apical myosin. Contraction of the apical surface causes these cells to become wedge shaped along their apico-basal axis, ultimately driving the ventral surface inward to form a furrow. Through this process, the mesoderm is brought into the interior of the embryo.
To examine the rheology of early Drosophila embryos, we microinjected a single ferrofluid droplet into individual embryos at early cellularization. Next, using a magnet, we pulled the droplet on a timescale mimicking morphogenetic events and recorded the resulting tissue deformations, using spinning disk microscopy. Ferrofluids are composed of nanoscale, surfactant-coated magnetic particles and form highly deformable droplets when injected into the embryo. When a magnetic field is applied to a ferrofluid, the magnetic moments of the particles orient along the field. This generates magnetic stresses that deform the droplet: a round droplet adopts the shape of a prolate spheroid whose length is determined by the balance of magnetic stress and surface tension (10, 11) . Furthermore, in a graded magnetic field, the droplet moves up the gradient. By positioning a magnet near the embryo, we could introduce a graded magnetic field and thus control the motion of the injected droplet.
Using this approach, we establish that, on timescales relevant to epithelial morphogenesis, the cytoplasm is predominantly viscous, whereas the cellular cortex is elastic. The timescale of elastic stress relaxation has a lower bound of 4 min, which is comparable to the time required for the internalization of the ventral furrow during gastrulation. The cytoplasm was measured to be ∼10 3 -fold more viscous than water. Additionally, using pharmacological treatments, we demonstrate that cortical elasticity is dominated by actin cytoskeleton.
Results
The Cortex of the Embryo Is Elastic. To characterize the viscoelasticity of the embryonic cortex, we injected each embryo with a single ferrofluid droplet, taking advantage of the syncytial nature of Significance A physically realistic understanding of any morphogenetic process requires the knowledge of material properties of the tissue, almost all of which we currently lack. This paper introduces a technique that allows measuring physical properties of the interior constituents of a fruit fly embryo. To interpret our measurements, we developed a computational framework that allowed us to deduce underlying material properties of embryonic tissues from the measured data. Using our protocol we have determined a number of key physical properties of embryonic tissue (e.g., cytoplasmic viscosity and the timescale of elastic stress relaxation). Finally, we used pharmacological perturbations to examine which cellular structures are responsible for the observed elastic response.
the Drosophila embryo during early development. Our procedure was similar to that previously described by Desprat et al. (12) in their studies of the mechanoregulation of transcription. To make each measurement, the ferrofluid droplet was first moved to the surface of the embryo and allowed to come to rest. Next, the magnet was quickly placed against the surface of the embryo ∼100 μm anterior or posterior to the droplet, causing the droplet to move in the direction of the magnet. When this procedure was carried out on unfertilized eggs, which have little detectable cortical structure, the droplet moves along the surface of the egg at a constant linear rate, suggesting either that the cortex is initially easily stretchable or that the droplet easily slips relative to the cortex ( Fig. S1 and Movie S1). The droplet's approximately constant speed over its displacement suggests that, at least on the scale of the displacements in our experiments, the force exerted by the magnet on the droplet is approximately constant.
A different droplet behavior was observed when the same experiment was performed at the beginning of cellularization, during which the cortical membrane associated with the surface of the embryo begins to move into the interior. In stark contrast to unfertilized eggs, the droplet appeared to pull the cortex with it ( Fig.  1 B, C , and C′ and Movies S2 and S3), and droplet displacement was no longer linear in time. Despite being under constant force, the droplet slowed as it moved, suggesting that its displacement results in the buildup of elastic stress. Consistent with this view, the droplet and the cortex recoiled when the magnet was retracted. To confirm the deformation of the cortex under magnetic stress, we labeled the forming cell membranes in the embryo with a fluorescent dye to follow their motion (details in Experimental Procedures). The positions of cell membranes were plotted as kymographs in which white lines correspond to the positions of the fluorescently labeled membranes (representative example in Fig. 1 C and C′ and Movie S3). The prominent dark "gap" corresponds to the position of the ferrofluid droplet. From this analysis, it is evident that membranes initially deflect together with the moving droplet. Specifically, those membranes in front of the droplet are compressed whereas those behind the droplet expand. Once the force on the droplet is removed, the membranes recoil.
The Elastic Cortex Restructures on a Timescale of Minutes Rather Than
Seconds. To characterize the physical parameters of the cortex, we used bright-field images to track the position of the droplet as the cortex underwent deformation and recoil (Fig. 1D) . The droplet failed to return to its original position in all replicates (n = 9/9). On average, the droplet recoiled to 77% (±5%) of its maximal displacement. Incomplete recoil upon force removal may be attributable to viscoelasticity; i.e., elastic constituents of the cortex may "forget" their rest length on some finite timescale. If we approximate the behavior of the cortex by the behavior of a single spring that forgets its rest length on a finite timescale, a measurement where the spring is stretched by constant force and allowed to recoil toward a new resting position allows us to determine the timescale on which the rest length is forgotten. In this way, we can use the droplet pulling data to estimate the order of magnitude of the timescale of stress relaxation of the cortex. More specifically, we analyzed the data from the droplet pulling experiments by fitting the data to a minimal model (Fig. 1E) , which we explain below. First, let us consider a model of a lossless spring, i.e., a spring that does not forget, which keeps a constant rest length x 0 at all times. This spring, with spring constant k, is anchored at one end while the other end is connected to a sphere with drag coefficient η. The instantaneous length of the spring at time t is xðtÞ, the constant rest length of the spring is x 0 , and the initial length of the spring equals its rest length. Suppose that a constant force F is applied to the sphere during a time interval of duration T (after time T the force is assumed to vanish). The total force on the sphere is the sum of three contributions: the restoring force in the spring −kðxðtÞ − x 0 Þ (minus because the spring resists displacement), the drag on the sphere from the ambient medium −ηv = −ηdx=dt (v denoting the velocity of the sphere), and the external force FðtÞ applied to the sphere. Here we write FðtÞ to emphasize that because the force is removed after time T, this external force is time dependent; with a slight abuse of notation, F denotes the (constant) magnitude of FðtÞ before time T. We assume inertial forces are negligible (equivalently, the mass of the sphere is set to zero). In this case, Newton's second law implies that the total force on the sphere is zero. Thus, adding up all of the force contributions and equating the sum to zero we arrive at ηdx=dt = FðtÞ − kðxðtÞ − x 0 Þ. This equation may be solved to obtain the displacement of the sphere xðtÞ as a function of time. To reiterate, our equation has four parameters: the spring constant k, the drag on the sphere η, the magnitude of the force F, and the duration of the force step T. Dividing the drag coefficient η by the spring constant k, we can define a quantity τ′ = η=k with units of time. If the sphere is deflected by force and then released, it will exponentially recoil toward its resting position according to xðtÞ = expð−t=τ′Þ. In other words, the quantity τ′ can be thought of as the timescale of recoil, i.e., the timescale on which a spring returns to its initial position. Now, let us consider a spring that forgets its rest length x 0 on some timescale. This may occur, for example, if elastic elements composing the spring gradually restructure. In this case, if a spring is instantaneously stretched and then held at some fixed length, the spring will adopt the rest length of the stretched state after a sufficiently long time. To model this situation, we assume that the rest length of the spring spontaneously relaxes to its instantaneous length according to τdx 0 =dt = −ðx 0 ðtÞ − xðtÞÞ; τðsÞ is the timescale of this relaxation process. In other words, the rate at which x 0 relaxes depends on the extent of its displacement. To obtain the displacement of the sphere as a function of time, we now have to solve two equations: ηdx=dt = FðtÞ − kðxðtÞ − x 0 ðtÞÞ and τdx 0 =dt = −ðx 0 ðtÞ − xðtÞÞ. In addition to the two previously defined timescales T and τ', our equations now include an additional timescale τ. These are the only three timescales in the problem. Because our equations are linear, they can be solved using a Laplace transform. In this way we can derive a formula for xðtÞ [as well as x 0 ðtÞ] as a function of time; we omit the explicit expression for brevity, but schematically show the graph of this function in Fig. 1E . Qualitatively, the graph of this function closely resembles the data measured in the embryo (compare Fig. 1E with 1D) .
To compare the experimental data to the function in Fig. 1E we introduce two quantities that can be determined from our experimentally measured curves. The first quantity is the extent of recoil
to the displacement to which the spring recoils asymptotically long after release, x F . In the completely viscous case, x M = x F , implying that there is no recoil. The second quantity is the timescale of recoil after the release, denoted by τ F , which we define as the slope of the recoil part of the curve on a log plot (Fig. 1E) . τ F may be conveniently determined from the experimental curves and we later use it to estimate the more interesting quantities τ and τ′. The two quantities are explained schematically in Fig. 1E . Using the explicit formula derived earlier for the function in Fig. 1E (the displacement as a function of time), we can solve for x M =x F and τ F in terms of the three timescales defined above: T, τ′, and τ. For the sake of comparison with experimental data, it is convenient to Taylor expand the resulting expressions. The resulting expressions will be approximations of the exact solution but in this form they are much easier to analyze. Taking only the leading-order terms from these expansions, we obtain x M =x F = 1 + ðτ=TÞτ=ðτ + τ′Þ, and τ F = ττ′=ðτ + τ′Þ. As an illustration, it is useful to consider some limiting cases. For example, if τ = 0, the spring restructures instantaneously, losing its elasticity. In this case, the Taylor-expanded expressions imply the extent of recoil x M =x F = 1, whereas τ F = 0, i.e., no recoil. If, on the contrary, τ = ∞, the spring never restructures and we arrive at x M =x F = ∞, τ F = τ′, meaning that recoil is complete and happens on a timescale determined by the ratio of the spring constant and viscous drag.
As illustrated in Fig. 1E , x M =x F and τ F are easy to determine from the experimental curves, whereas the time during which the force is applied, T, is known. Substituting these values in our two equations, x M =x F = 1 + ðτ=TÞτ=ðτ + τ′Þ and τ F = ττ′=ðτ + τ′Þ, we are left with only two unknowns, τ′ and τ. Because the number of equations is the same as the number of unknowns, we can solve for those unknowns. In this way, plugging in the experimentally measured numbers for x M =x F and τ F , we obtain τ = 3.7 (± 1.0) min.
[τ′ was measured to be 0.85 (± 0.27) min, but this value is less relevant to the forthcoming discussion]. In other words, if the cortex is deformed on a timescale that is much shorter than 4 min, the cortex should behave elastically, tending to return to its original configuration following deformation. If, on the other hand, the cortex is deformed on a timescale that is significantly larger than 4 min, the cortex should behave notably viscously ("forgetting" its shape upon a deformation). Importantly, the 4-min estimate of the timescale of stress relaxation is comparable to the timescale of gastrulation (the ventral furrow completely forms in 15 min). Taken together, our simple analysis of the timescale of elastic stress relaxation suggests that on a developmentally relevant timescale the tissue is significantly elastic, although viscous effects also play a role.
The minimal model in Fig. 1E assumes that the cortex returns to its initial state after the recoil; i.e., after the droplet returns to rest, all properties of the system remain unchanged. To test whether this is true of the embryonic cortex we performed experiments where the force was applied to the droplet two times consecutively. More specifically, after subjecting the droplet to a magnetic field for the first time for a period of approximately 1 min, the magnet was removed and the droplet was allowed to come to rest. Thereafter the force was applied again for approximately 1 min and then again released. We found that the extent of recoil was significantly larger after the second sequential pulling event (Fig. 2) . In these experiments, the recoil after the first pull was ∼77 (± 1.3)% after 4 min, whereas the recoil after the second pull typically exceeded 90% in the same time interval [in particular, the extent of recoil in this case measured 89 (± 1.4)%]. In this way the response of the cortex appears to be history dependent: The application of force appears to change the state of the network even after the system returns to rest. Were the data from the second pull used to calculate τ, the lifetime of individual elastic elements in the cell would be significantly longer than the 3.7 min estimated without taking history dependence into account. Specifically, by analyzing the parts of the curves recorded after the ferrofluid droplet is subjected to force for the second time (during the second pull, Fig. 2 ) in the same way that we analyzed the curves in Fig. 1D , we obtain an estimate of τ = 8.9 (± 2.1) min. Note that this value is even closer to the time it takes to complete gastrulation than the previous estimate of 3.7 min. What can be the origin of the history dependence of the recoil? In Rheology of Elastic Networks we propose a simple model that predicts effective stiffening after the first pull by assuming that cellular membranes form a floppy network. Such networks can support finite deformation without an energy cost because some of the strain can be accommodated by changing angles between bonds rather than stretching those bonds. In Floppy Networks, Floppy Networks of Springs with Power Law Rheology we show how a floppy model can account for the observed history dependence of the response as well as for a number of quantitative features of our measurements.
Cortical Elasticity Contrasts with the Generally Viscous Behavior of
Cytoplasm. We previously used ferrofluids in the interior of the embryo to examine the properties of the cytoplasm (13) . In those experiments, ferrofluid droplets were pulled through the yolk and the cytoplasmic layer perpendicularly to the cortex and then released. Those experiments produced recoils that were consistently below 5 μm (13). Because the size of the ferrofluid droplets was comparable to the 40-μm thickness of the cytoplasmic layer, a more careful examination of the recoil using a smaller probe is desirable. Thus, we reexamined the properties of the cytoplasm, using 5-μm fluorescent magnetic beads. Beads were initially injected into the yolk and then pulled through the yolk and the cytoplasmic layer until they reached the cellularization front. At that point, the magnetic field was turned off, and only a very small recoil could be detected (not exceeding 3 μm; 2.6 μm averaged over four measurements) (Fig. 3 A and B) . Additionally, when a ferrofluid droplet is dragged through the cytoplasm at an angle to the surface of the embryo and then released, the recoil is directed predominately along the surface of the embryo (Fig. 3 C and D) . Thus, it appears as though the elastic stress is stored exclusively in the embryonic cortex, as the cortex is being sheared by viscous cytoplasm that provides mechanical contact between the cortex and the droplet. These observations suggest that the cytoplasm itself behaves as a predominantly viscous, rather than elastic, medium. In principle, elastic elements may evade detection when cellular structures are probed with microbeads if the mesh size of the elastic network is larger than the size of the bead (14) . In our experiments, however, the magnetic beads had a radius of 5 μm, which is roughly the width of each individual blastomere. No elastic response was seen when probing the cytoplasm with beads whose size was larger than that of a cell, which supports our conclusion that the cytoplasm is predominantly viscous. These experiments also allowed us to estimate the viscosity of the cytoplasm. To this end, we subjected beads suspended in glycerol to the same force as that used for moving the beads through the interior of the embryo. The ratio of velocities in glycerol and in the embryo is the reciprocal of the ratio of the respective viscosities. Within measurement error, the viscosity of the cytoplasm (1,500 ± 500 cP, n = 4) appears to be the same as that of glycerol.
Cortical Elasticity Requires an Intact Actin Cytoskeleton but Is Independent of Microtubules. Having established that the embryonic cortex comprises structures that can store elastic stresses on a developmentally relevant timescale, we next wondered about the molecular nature of those structures. To this end, we injected embryos with drugs that destabilize various cytoskeletal components and examined the effect of each pharmacological agent on the elastic response. The microtubule-destabilizing drug (nocodazole) did not significantly alter elasticity (Fig. 3F) . In contrast, the actindestabilizing agent cytochalasin D had dramatic effects on the elastic response (Fig. 3G , compare with untreated embryos in Fig. 3E ). In particular, when magnetic beads were used to apply concentrated force to the cortex, deflection as a function of time crossed over into a linear regime on a timescale of 6 s. This timescale provides an estimate of τ that is an order of magnitude shorter than in untreated embryos. Additionally, the extent of recoil (ratio between maximal displacement and asymptotic displacement) dropped to 1.4 (± 0.07). This value is significantly less than the extent of recoil seen in untreated embryos (4.4) and suggests that F-actin (but not microtubules) is a major factor conferring elasticity on the embryonic cortex.
Taken together, our results suggest that elasticity is derived from the actin cortex and not the microtubule cytoskeleton. It has previously been shown that during gastrulation F-actin is predominantly associated with cell membranes (e.g., ref. 15) . Together with our data, this result suggests that cells mechanically resemble elastic shells ("bags") with a viscous interior.
Discussion
In this study, we examined the mechanical properties of embryonic tissues. It has previously been suggested that tissues are viscous on developmentally relevant timescales (e.g., refs. 16 and 17). To investigate this, we have made direct rheological measurements by subjecting embryonic tissues to a controlled, externally applied force and studying the resulting deformation. In this way, we were able to show that embryonic tissues in Drosophila melanogaster can exhibit an elastic response that decays on a timescale of at least 4 min. When we consider history dependence of the response, this increases to 9 min (see below). During development, a number of morphogenetic processes occur on comparable or shorter timescales, suggesting that the elasticity we measure may play an important role. For example, in early Drosophila development, nuclear division and mitosis during syncytial division take <2 min. The redistribution of actomyosin to the site of incipient cellularization furrow invagination occurs over ∼14 min (18) . During gastrulation, mesoderm apical constriction (which precedes ventral furrow invagination) completes in about 10 min (15) . And during germ band extension, dorsal-ventral cell-cell junction remodeling takes ∼3.5 min (19) . In contrast to some previous studies where the response of a cell to a force step was found to be biphasic (e.g., ref. 20) , we observed a response that most closely matched a single power law. This is similar to, e.g., the findings by Ott and coworkers (3, 4) where a single cell was observed to exhibit a power law response. This discrepancy between the different studies might be attributable to the fact that in our measurements as well as in those by Ott and coworkers cells were subjected to large strains for periods of time that lasted at least some order of magnitude longer than in most other studies.
As we noted before, the 4-min estimate for τ is a lower bound. This is partly because of the Taylor-expanded expressions we used to calculate τ and partly because history dependence of the response was not accounted for in our initial estimation. It may be difficult to come up with an accurate upper bound for τ based on data such as that presented in Fig. 1D . Theoretically, a value for τ should be possible to estimate from this type of plot, because the curve should cross over into a linear regime after time τ. However, crossover into a linear regime was not observed during the 1-min pulling interval in Fig. 1D , presumably because τ well exceeds 1 min. Even though all we have established is a lower bound for τ, this information is biologically meaningful because this gives a lower limit on the timescales on which the tissue behaves elastically. Our results show that elastic contributions must be considered. We note that there are multiple ways of estimating τ from our data. In particular, experiments in Fig. 2 where the network was pulled two times consecutively show almost complete recoil after a second pull; this second pull plus the recoil response lasted for about 5 min. For the droplet to return to its original position after 5 min, the elastic network must remember the initial position of the droplet for at least that long. Hence, these data indicate that 5 min may serve as a lower bound for τ, which is consistent with the value of 4 min given above.
Experiments in cellularizing embryos as well as our previous work on acellular embryos (13) indicate that the cytoplasm is predominantly viscous. Rheological studies presented here indicate that membranes, and the actin-based structures closely associated with membranes, may be the only elastic constituents in the early fly embryo that operate on the distance-and timescales addressed in this paper. This result agrees well with our pharmacological experiments indicating that elastic properties are strongly dependent on filamentous actin, which has previously been shown to localize predominantly to the cell membrane.
In previous works, ablation experiments were used to study stress distribution in the ventral furrow (21) . When the mesoderm was laser ablated to produce an initially round hole, this hole expanded nonuniformly, becoming longer along the anteroposterior axis of the embryo. These data were taken to indicate that either the active stresses that drive ventral furrow formation are anisotropic or, alternatively, the material properties of the tissue are nonisotropic or nonuniform in space. Our finding establishing that tissue may be elastic on a developmentally relevant timescale indicates that the former interpretation need not be true. Specifically, total stress in actively contracting tissue has (at least) two contributions: active, myosin-driven stress that contracts the tissue and elastic stress that counteracts contraction. Even if active stress is isotropic, elastic stress, and hence total stress, which is the sum of the two stresses, will generically become anisotropic after a finitely large deformation if the geometry of the contracting domain is asymmetric.
Some previously proposed models of gastrulation rely on a mechanism where an epithelial layer is modeled as an elastic shell whose elasticity is uniform throughout its entire thickness (i.e., along the apico-basal direction; e.g., models 1, 2, 5, and 6 in ref. 22) . If contractile stresses within such a shell are confined to one (apical) surface, the shell will bend, forming an invagination. Our work establishes that the epithelial cells appear elastic only on the surface, whereas their constituent cytoplasm is viscous. A shell made of such elements need not generically bend out of plane when it is being compressed along one surface. Assuming that the measurements of material properties of the cellular layer performed during cellularization are relevant to the subsequent gastrulation stage, there is a need for more refined models of gastrulation that will incorporate the mechanical properties of embryonic tissue established in our study.
In recent years, the mechanical mechanisms that underlie morphogenesis have been the focus of much research. Formulating predictive, falsifiable descriptions to account for such mechanisms is complicated by a requirement to address the rheology of embryonic tissues. In this study, we not only measured mechanical properties of a highly studied developmental system, but also developed techniques that should be applicable to a range of other systems. 
